Hydrodynamic gene delivery is an attractive option for non-viral liver gene therapy, but requires evaluation of efficacy, safety and clinically applicable techniques in large animal models. We have evaluated retrograde delivery of DNA to the whole liver via the isolated segment of inferior vena cava (IVC) draining the hepatic veins. Pigs (18-20 kg weight) were given the pGL3 plasmid via two programmable syringe pumps in parallel. Volumes corresponding to 2% of body weight (360-400 ml) were delivered at 100 ml s À1 via a Y connector. The IVC segment pressure, portal venous pressure, arterial pressure, electrocardiogram (ECG) and pulse were monitored. Concurrent studies were performed in rats for interspecies comparisons. The hydrodynamic procedure generated intrahepatic vascular pressures of 101-126 mm Hg, which is B4 times higher than in rodents, but levels of gene delivery were B200-fold lower. Suprahepatic IVC clamping caused a fall in arterial pressure, with the development of ECG signs of myocardial ischaemia, but these abnormalities resolved rapidly. The IVC segment approach is a clinically acceptable approach to liver gene therapy. However, it is less effective in pigs than in rodents, possibly because of larger liver size or a less compliant connective tissue framework.
Introduction
Hydrodynamic gene delivery to the liver was discovered a decade ago when large volumes of DNA solution were rapidly infused into the livers of rodents via the portal vein 1 or retrograde via the hepatic veins. 2 Subsequently, it was found that the rapid injection of large volumes of DNA solution (corresponding to B10% of body weight) into the tail veins of mice also resulted in high levels of gene delivery to the liver. 3, 4 This technique is now in widespread experimental use in rodents. 5, 6 Efficacy is very likely a consequence of retrograde flow of the DNA solution into the low pressure portal circulation 7, 8 in combination with the high permeability of the hepatic sinusoidal endothelium. 9 Swelling of the liver by the force of the infusion, with consequent momentary breaches in the hepatocyte plasma membrane, is likely to be the major mechanism for DNA entry into hepatocytes. 10 In mice, under optimal conditions, the liver more than doubles in size. 11 A major attraction of this approach is that it requires neither viral nor nonviral vectors, which greatly simplifies potential clinical application, in particular avoiding potentially lethal inflammatory responses to viral proteins. 12 Translation of the hydrodynamic procedure into clinical practice poses a number of problems. Reduction in volume of DNA solution is a critical issue in order to minimise cardiovascular stress, 8 as is the achievement of pressure/flow conditions which do not risk major vessel rupture or liver parenchymal damage. 'Rapid' and 'large' (in relation to rate of delivery and volume of the DNA solution) are relative terms not easily transferred across species, especially of such divergent size as mouse and man. At a more fundamental level, for a technique that depends on intrahepatic vascular pressure to expand the liver, whether the high levels of gene delivery seen in rodents are physically achievable in species with livers B1000 times larger than mouse livers, remains an open question. One can imagine that a B1 g component within a large liver will swell less freely than a B1 g mouse liver. Moreover, any species differences in the fibrous architecture of the liver, and hence in liver compliance, could play a crucial role in the swelling response to raised intravascular pressure.
There are two approaches to volume reduction. One involves regional gene delivery to an individual segment or lobe of the liver (rather than the whole liver) via branches of the portal or hepatic veins. This has been reported in one study in rats, 13 one in rabbits 14 and three recent studies in pigs. [15] [16] [17] The second approach involves delivery of DNA solution to the whole liver via the isolated segment of inferior vena cava (IVC) into which the hepatic veins drain (rather than dispersal of the DNA solution into the whole systemic venous system). The isolated IVC segment approach has been reported in three studies in rodents 2, 13, 18 and in the above-mentioned study in rabbits. 14 It has not been evaluated in a large species.
No study to date has made a direct comparison of gene delivery in rodents and large animals under comparable hydrodynamic conditions. Similarly, there has not been a comparison of critical intrahepatic vascular pressures in rodents and large animals. We have evaluated the IVC segment approach in a pig model, both because it is clinically attractive (permitting minimally invasive techniques via balloon catheter insertion into the femoral or internal jugular veins, although such techniques were not used in this study), and because it allows precise comparisons with rodent models (because all the DNA solution goes to the liver, and the whole liver is targeted). Moreover, targeting the whole liver has the potential advantage, especially if gene delivery efficiency is low, of providing a higher overall level of gene transfer. We were particularly interested to establish the intravascular pressures generated and the levels of gene delivery obtained in the pig liver by hydrodynamic conditions comparable to those used in rodents, as these were likely to be the critical parameters determining transferability of the hydrodynamic technique to the pig model.
Results

Technical aspects
Preceding studies in rabbits 14 and pigs 16 have reported problems with maintaining a seal during hydrodynamic gene delivery to segments of the liver using balloon catheters. Aliñ o et al, 17 using fluoroscopic techniques, demonstrated good seals when using flow rates of 7.5 ml s À1 without outflow obstruction. However, to ensure that our approach was not compromised by this technical problem, we used vascular clamps and ties to isolate the IVC segment. The suprahepatic IVC clamp was placed near the diaphragm to avoid obstruction of the left hepatic vein. In preliminary studies, fluoroscopy demonstrated free flow of contrast medium into right and left hepatic veins via the IVC segment (Supplementary information 1) In rodents, the DNA solution is delivered by a handheld syringe or a syringe pump. 8, 13 To reproduce these conditions as closely as possible, we used the Medrad MK5 Angiographic Injector (a powerful syringe pump designed for the rapid infusion of viscous contrast medium for fluoroscopy) in our pig studies. The 2% volume delivered at 100 ml min À1 via the IVC segment is effective for high levels of gene delivery to the liver (weight B6.5 g) in the DA rat strain (GJ Sawyer et al, manuscript submitted for publication, and see next section). These optimal conditions correspond to 0.6 ml of DNA solution per gram of liver, and a flow rate of 15 ml min À1 g À1 of liver. Given the properties of the Medrad pumps, the size of the livers in pigs of various weights (Table 1) , and the technical requirement for pigs of a reasonable age and size for surgery, we chose to use two Medrad pumps in parallel, and pigs of B20 kg in weight (livers of B500 g). With this system, we could deliver 400 ml volumes at up to 6 l min À1 (100 ml s
À1
), providing 0.8 ml of DNA solution per gram of liver, and a flow rate of 12 ml min À1 g À1 of liver. These conditions approximate well to the optimal conditions per unit weight of liver in the rat.
Evaluation of flow rate in the rat model
The rate of delivery of the DNA solution is known to be a crucial variable for effective systemic hydrodynamic gene delivery to the liver, 3, 4 but this has not been evaluated with the IVC segment approach. To define how much leeway is available with this variable, and to provide concurrent studies in the rat for comparisons with the pig, we delivered a volume corresponding to 2% of the body weight at 100, 80, 60, 40 and 20 ml min À1 to rats of the DA strain. The results of individual liver lobe measurements are given in Figure 1 . The average of the six liver lobes for each rat was used in the quantitative comparisons that follow.
The 100 ml min À1 rate gave the best gene delivery (range 192 000-1 056 000 RLU mg
À1
, median value 570 000 RLU mg À1 , n ¼ 5), being four-to sixfold better than the 80 ml min À1 rate (range 120 000-189 000 RLU mg
, median value 162 000 RLU mg À1 , n ¼ 3) (P ¼ 0.05) and the 60 ml min À1 rates (range 61 000-114 000 RLU mg
, median value 84 000 RLU mg
With the 40 and 20 ml min À1 groups, the overall levels of gene expression were similar, but expression in different lobes was more erratic. Thus, the rate of delivery of the DNA solution, although important, appears to be a less critical factor with the IVC segment approach.
Gene delivery to the pig liver via the isolated IVC segment
Four pigs received DNA solution corresponding to 2% of body weight at 6 l min
À1
. A summary of the perfusion parameters and maximum levels of gene delivery are given in ). Gene delivery varied substantially between the different lobes, and between biopsies from different parts of the Hydrodynamic gene delivery to the pig liver JW Fabre et al same lobe (Figure 2 ). In three of the four pigs, the caudate lobe showed the highest level of gene delivery (as in Figure 2a ). In the rat, 10-to 20-fold differences in gene delivery between different lobes are also regularly seen ( Figure 1 ). The volume of DNA solution used in the pigs (0.7-0.8 ml g À1 of liver) was greater than in the rat (0.6 ml g À1 of liver). The rate of delivery of the DNA solution (11-12 ml min À1 g À1 of liver) was well within the rates used in the rats shown in Figure 1 (20-100 ml min À1 corresponds to 3-15 ml min À1 g À1 of liver). If one takes the average RLU mg À1 of all eight or nine biopsies for each pig, this gives a range of 800-5200 RLU mg
, with a median of 3000 RLU mg À1 (n ¼ 4). Compared to the rats shown in Figure 1 , this is B200-fold lower than the 100 ml min À1 group (15 ml min À1 g À1 of liver), B50-fold lower than the 80 ml min À1 group (B13 ml min À1 g À1 of liver) and B30-fold lower than the 60 ml min À1 group (B9 ml min À1 g À1 of liver).
Portal venous pressures and IVC segment pressures during gene delivery
The significance of the levels of gene delivery in the pig liver can be assessed only in the light of the pressures generated within the liver vasculature during the hydrodynamic procedure. There are two key points. Hydrodynamic gene delivery to the pig liver JW Fabre et al
Firstly, the intravascular pressures were very high, both as absolute values and in comparison with previous reports in rodents (Table 3) . If one extrapolates a peak portal venous pressure of 125 mm Hg for pig 3, this gives a range of 101-126 mm Hg and a median value of 120 mm Hg in the four pigs without outflow obstruction. These pressures are about fourfold higher than values previously reported in the mouse 7, 11 and by our group in rats (GJ Sawyer et al, manuscript submitted for publication). Thus volumes and flow rates of DNA solution comparable to rodent models generated far higher intrahepatic vascular pressures, but yielded much lower levels of gene delivery in the pig.
A technical point to note from Table 3 is that peak IVC segment pressures were B5-10 mm Hg lower than peak portal venous pressures. This is almost certainly a consequence of the tip of the pressure line being close to the tip of the catheter. The rapid flow of fluid passed the tip of the pressure line creates a negative pressure (Venturi effect).
The second key point is that the portal venous pressure rose steeply and in parallel with the IVC segment pressure during the DNA infusion. This was a constant finding, and is illustrated in Figure 3 . The rapid equilibration of pressure between the IVC segment and the portal vein implies that there is very little vascular resistance to retrograde flow through the sinusoids. On the other hand, the steep rise in portal venous pressure implies significant resistance to retrograde flow out of the portal vein through the capillaries of the gut, spleen and pancreas, and/or through portosystemic shunts (for example, at the venous plexuses of the lower Table 1 ) were given a volume of DNA solution corresponding to 2% of body weight at 6 l min À1 . The DNA solution was the pGL3 plasmid at 50 mg ml À1 in 0.15 M NaCl. One day after gene delivery, biopsies were taken from various parts of the liver, as indicated, and assayed for luciferase activity. RLU as in legend to Figure 1 . Biopsies are numbered from right to left across the liver. Note that the y axis in this figure has a linear scale, while that in Figure 1 has a log scale.
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The peak venous pressures (Table 3) were higher than one would wish for reasons of safety. It was therefore not worth increasing the hydrodynamic effect to obtain better gene delivery, for example, by increasing volume or flow rates. However, in one pig (Table 3) , we used the standard delivery of 2% of body weight at 100 ml s
À1
, but with clamping of the portal vein and hepatic artery for outflow obstruction just before activation of the pump. In this pig, portal venous pressure rose to the extraordinarily high value of 212 mm Hg, and the IVC burst.
Cardiovascular response to IVC obstruction and volume overload using the IVC segment approach Hydrodynamic gene delivery via the isolated IVC segment involves three consecutive stresses to the cardiovascular system: tying the IVC below the liver, thereby obstructing venous return to the heart from the kidneys and lower body; clamping the IVC above the liver, thereby additionally obstructing venous return from the intestine, spleen, pancreas and liver; and acute volume overload, that is, the injected DNA solution released into the circulation on removal of the suprahepatic clamp. It should be noted that clamping the suprahepatic IVC is standard practice in some surgical procedures (for example, liver transplantation and liver resections, although it is done after clamping the portal vein, which reduces volume loss from liver engorgement). Moreover, the volume overload (2%) is considerably less than the 10% used for hydrodynamic gene delivery in mice.
Application of the infrahepatic tie had only a marginal effect on the arterial pressure and pulse, either because of cardiac compensation and/or because of collateral drainage via the lumbar veins and azygos system to the heart. Application of the suprahepatic clamp caused an immediate fall in arterial pressure (Figure 4) . Interestingly, the DNA infusion into the IVC segment caused a small but definite increase in arterial pressure (peak at 4.5 s from start of infusion), probably because of flow from the portal vein through portosystemic shunts at the time of peak portal venous pressure (3.2 s from start of infusion) (Figure 3 ). Retrograde flow from the portal vein via the capilliaries of the spleen, pancreas and intestine into the arteries is also possible, because the peak portal venous pressure in the pig shown in Figure 4 (125.7 mm Hg) was considerably higher than the arterial pressure at the time of the infusion (34/26 mm Hg). Removal of the suprahepatic clamp resulted in immediate recovery in arterial pressure, in particular systolic pressure. The pulse did not change dramatically.
In contrast to the rat, where conduction defects (in particular complete heart block) were consistently seen on release of the suprahepatic clamp (GJ Sawyer et al, manuscript submitted for publication), all the pigs stayed in sinus rhythm, and ectopic beats were rare. However, the pigs consistently showed electrocardiogram (ECG) signs of myocardial ischaemia (generally ST segment elevation) following application of the suprahepatic clamp, presumably a consequence of myocardial hypoperfusion caused by hypotension. In the pig shown in Figure 5 , ST elevation was first seen at B12 s after application of the suprahepatic clamp, and was marked by 1 min (Figure 5a and b) . It resolved abruptly at B12 s after removal of the clamp (Figure 5c, panel 3) . In one pig, signs of ischaemia worsened on release of the suprahepatic clamp, possibly because of ischaemia/ reperfusion damage, but this resolved by 25 s after removal of the clamp (Supplementary information 2) .
Hepatocyte damage as a consequence of hydrodynamic gene delivery
Transient elevation of serum levels of hepatocyte transaminases has frequently been reported following hydrodynamic gene delivery. Table 4 demonstrates that the pigs showed only mildly elevated levels of aspartate aminotransferase in comparison with rats given hydrodynamic gene delivery under comparable conditions.
Integrity of DNA plasmids
We examined the physical and functional integrity of the pGL3 plasmid after delivery through the perfusion system, to exclude DNA damage as a cause of the relatively low levels of reporter gene expression in the pig model. Electrophoresis of the DNA before and after delivery showed no sign of physical damage (Figure 6a ). In vitro gene expression studies before and after delivery showed no functional damage (Figure 6b ).
Discussion
The hydrodynamic approach is a possible method for gene delivery in the clinical application of liver gene therapy. It avoids many of the problems with the in vivo use of both viral and non-viral vectors, but it brings new potential problems. Of fundamental importance is the effectiveness of this approach in large species, and the Hydrodynamic gene delivery to the pig liver JW Fabre et al possible influence of species differences in the connective tissue framework of the liver. The pathophysiology of acute volume overload and other stresses to the cardiovascular system, and the hydrodynamic requirements for effective but safe pressurisation of the intrahepatic vasculature, are also critical issues. We report that hydrodynamic gene delivery to the whole liver in the pig, under conditions directly comparable to the rodent, provides intrahepatic vascular pressures B4 times higher than the rodent, but nevertheless results in levels of gene delivery B200-fold lower. It is interesting that the same volume and flow rate per unit of liver tissue gave much higher intravascular pressures in the pig liver, suggesting quite different haemodynamics in comparison with rodents. The fact that the hydrodynamic procedure caused less liver damage in the pig is consistent with a lesser physical effect of the hydrodynamic force on the pig liver. The fundamental problem might be the larger size of the pig liver, in which case clinical application will need to take this unavoidable factor into account. However, the pig liver is known to have an unusual connective tissue framework, with a distinct collagen lattice around each hepatic lobule, 19 a characteristic not seen in rodents or man. If this is the fundamental problem, then our study and other studies [15] [16] [17] in pigs might underestimate the effectiveness of the hydrodynamic procedure in man.
The published studies on hydrodynamic gene delivery to the liver in larger animals, although they do not reach the same conclusion as we have done, are nevertheless consistent with it. Eastman et al 14 evaluated various hydrodynamic approaches in rabbits, including the IVC segment approach, and reported average levels of gene expression that were B10-to 20-fold lower than in mice. This is in spite of using DNA concentrations of 100-500 mg ml À1 in rabbits, and only 25 mg ml À1 in mice. In the published studies in pigs, gene delivery was to only a part of the liver, rather than to the whole liver, and the volume of targeted liver could not be established. However, Kobayashi's group (using the CTLA4Ig gene) reported mean levels of B20 mg ml À1 in rats, 18 but only 20, 100 and 160 ng ml À1 in three pigs, which is B200-fold lower in pigs. 16 Aliñ o's group (using the human alpha 1-antitrypsin gene), achieved mean levels of B2800 mg ml À1 in mice, but only 0.2 mg ml À1 in pigs, which is 410 000-fold lower in pigs. 15, 17 Electrical disturbances in the heart, which are a prominent part of the response to the IVC segment approach in rats (GJ Sawyer et al, manuscript submitted for publication) were not seen in the pigs. Given that Table 3 ) was given a volume of DNA solution corresponding to 2% of body weight at 6 l min À1 via the IVC segment. Portal venous pressure and IVC segment pressure are shown from the time of application of the suprahepatic clamp. The baseline portal venous pressure was 8.1 mm Hg, and the baseline IVC pressure was 4.9 mm Hg. On application of the suprahepatic clamp the portal venous pressure rose to a plateau of 15.2 mm Hg, and the IVC segment pressure to a plateau of 15.5 mm Hg at B90 s. On infusion of the DNA solution, the portal and IVC segment pressures both peaked at 3.2 s, the peak pressures being 100.9 and 94.7 mm Hg, respectively (Note: Venturi effect mentioned below). These peak pressures dropped to a plateau of B25 mm Hg. Removal of the suprahepatic clamp resulted in a sudden fall of portal venous and IVC pressure, as expected. The small increase in venous pressures just prior to removal of the suprahepatic clamp is probably a consequence of handling the liver for clamp removal. Note: The portal venous pressures were B5 mm Hg higher than the IVC segment pressures during the DNA infusion. This is almost certainly because the tip of the pressure line on the perfusion catheter is close to the catheter tip, and the rapid flow of DNA solution passed the tip of the pressure line creates a negative pressure (Venturi effect).
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The steep rise in portal venous pressure during delivery of the DNA solution into the isolated IVC segment is of major theoretical interest. It is relevant to the question of whether or not obstructing outflow of the DNA solution from the liver is required for optimal hydrodynamic gene delivery. In the early studies, 1, 2 outflow obstruction was essential for optimal levels of gene expression. On the other hand, hydrodynamic gene delivery to the liver via the tail vein in mice is quite obviously effective without outflow obstruction. The coincident rise in pressure in the IVC segment and portal vein clearly indicates that there is no significant resistance to flow out of the IVC segment and through the liver sinusoids into the portal vein. Therefore, any increase in pressure in the intrahepatic vasculature is entirely dependent on obstructing flow out of the portal vein. Resistance to outflow from the portal vein is provided by the vascular resistance in the capillary bed of the intestines, spleen and pancreas, and in the portosystemic connections. This provides a functional outflow obstruction which, because of its nature, is incomplete. Pressure build-up is therefore dependent on a reasonable rate of flow through the liver into the portal vein. A rapid rise in portal venous pressure has previously been observed in mice given systemic hydrodynamic gene delivery 7, 11 and in rats given IVC segment gene delivery (GJ Sawyer et al, manuscript submitted for publication).
The IVC segment approach for hydrodynamic gene delivery to the whole liver is a viable option for clinical application. The cardiovascular response is primarily a consequence of suprahepatic IVC obstruction, but this is an accepted procedure in surgical practice and we are fine-tuning our protocol to reduce the period of clamping. The risks of raised intravascular pressure in the liver can be minimised by modifying the pumps so that flow rate is controlled by perfusion pressure, and setting an upper limit (say 100 mm Hg) for perfusion pressure.
The pig liver appears to be intrinsically less susceptible to hydrodynamic gene delivery than the livers of rats and mice. However, this might be a consequence of species-specific factors. For example liver compliance, as measured by surface indentation, is much lower in the pig (that is, the pig liver is less elastic) when compared to man. 20 Potentially important species differences are known to exist in the structure of the hepatic sinusoids, in particular the size of the fenestrae and the prominence of the subendothelial connective tissues. 21, 22 The level of gene delivery achieved in man, and therefore the precise manner of clinical application, will be defined only in early clinical trials. (beats per minute) Figure 4 Cardiovascular response to hydrodynamic gene delivery using the IVC segment approach. Pig 4 (from Table 1 ) was given a volume of DNA solution corresponding to 2% of body weight at 6 l min À1 via the IVC segment. Aorta pressure and pulse are shown from the time of application of the suprahepatic clamp. The small fluctuations in aorta pressure are a consequence of respiratory movements. The increase in aorta pressure just before the application of the suprahepatic clamp was seen in all pigs and is probably a consequence of handling the liver for clamp application. The baseline arterial pressure was 74/49 mm Hg and the baseline pulse 200 beats min À1 . Just prior to application of the suprahepatic clamp the arterial pressure was 72/41 and the pulse 223. On application of the clamp, the arterial pressure fell rapidly to 38/34 mm Hg at 20 s, and then slowly to 34/26 at 2 min. The DNA infusion caused the arterial pressure to rise sharply to 54/ 33 mm Hg in 4.5 s. Thereafter, it fell gradually to 43/31 at 60 s. Removal of the suprahepatic clamp resulted in an immediate rise in arterial pressure, in particular systolic pressure, to a peak of 114/37 at 2.3 s. It then fell back to 86/29 at 12 s. The pressures at 30, 60 and 120 s after clamp removal were 83/38, 81/39 and 74/37 mm Hg. Thus the baseline systolic pressure was rapidly recovered. The pulse rose from a baseline value of 200 beats min À1 to a plateau of 237 beats at 1 min after application of the suprahepatic clamp, and to a second plateau of 251 beats min À1 at 1 min after the DNA infusion. On removal of the suprahepatic clamp it fell rapidly to 187 beats min À1 at 23 s, and then rose slowly to 198 beats min À1 at 2 min, that is, it had stabilised at baseline levels.
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Materials and methods
Animals
Large White Â Landrace cross female pigs (PSQ, Clifton, Bedfordshire, UK) were used at 18-20 kg weight. Inbred male DA strain rats (Harlan, Oxon, UK) were used at 180-220 g weight. All procedures were approved by the King's College London Ethics Committee and by the UK Home Office.
DNA plasmid
The pGL3 plasmid containing the firefly luciferase gene (Promega, Madison, WI, USA) was used. DNA came Table 1 ). Each cardiac depolarisation on the ECG immediately precedes the arterial pressure wave caused by the heart's contraction. Hydrodynamic gene delivery to the pig liver JW Fabre et al from a single, sterile, endotoxin-free batch of 600 mg (PlasmidFactory, Bielefeld, Germany). It was supplied frozen at 1 mg ml À1 in pure water, and stored at À35 1C. DNA was made up to 50 mg ml À1 in 0.15 M NaCl for the perfusion. The stock DNA solution was maintained at 4 1C for a maximum of 2 weeks after thawing. 23 
Hydrodynamic gene delivery via the isolated IVC segment in the rat
This was performed under isoflurane general anaesthesia, using a Zeiss operating microscope for operator and assistant. A Harvard programmable syringe pump (model PHD 2000) (Harvard Apparatus, Holliston, MA, USA) was used for delivery of the DNA. Briefly, the IVC segment was isolated between 4-0 braided silk ties above and below the liver, and a 21-gauge needle inserted into the IVC segment. A 4-0 tie placed around the IVC was tightened around the needle to avoid leakage from the puncture hole, and the pump activated. The tie was tightened as the needle was withdrawn to prevent loss of DNA solution. After 2 min, the suprahepatic and then the infrahepatic ties were removed. A small piece of gelatin sponge over the point of insertion of the needle into the IVC was sufficient for haemostasis.
Hydrodynamic gene delivery via the isolated IVC segment in the pig
Pigs were given azaperone 2 mg kg À1 , ketamine 10 mg kg À1 and atropine 60 mg (all intramuscularly). Isoflurane was used for general anaesthesia. A standard three lead ECG (left arm, right arm, left leg) was used. For postoperative analgesia, buprenorphine (5 mg kg À1 ) was given intramuscularly every 8 h.
Two MK5 Angiographic Injector syringe pumps (Medrad, Ely, Cambridgeshire, UK), each carrying a 200 ml syringe, were used in parallel, linked by a highpressure (400 psi-rated) Y connector (Kimal, Uxbridge, UK). A 15 French Retrograde Coronary Sinus Perfusion Catheter (Medtronic, Minneapolis, MN, USA) was used. Each pump was set to its maximum speed (50 ml s
À1
), thus giving a maximum capacity of 400 ml and a maximum flow rate of 100 ml s
. The rise time was set at 0.1 s.
The abdomen was opened by a midline incision. Cannulas (20 French gauge) (Abbot Laboratories, Queenborough, Kent, UK) were placed in the aorta and portal vein for measurement of arterial and portal venous pressures. The infrahepatic IVC near the liver was then mobilized, and a vascular clamp applied just downstream of the renal veins. A sling was placed around the IVC downstream of the clamp, and the sling elevated so as to occlude the IVC and create a B10 cm length of IVC into which the catheter would be placed. A small cut was made in the IVC, and the catheter was inserted and pushed passed the sling. The sling was then tightened to prevent backflow of blood. The position of the catheter was adjusted so that its tip was in the region of drainage of the hepatic veins. The tightened sling formed the infrahepatic limit of the IVC segment (the catheter balloon was not used). A vascular clamp was placed on the suprahepatic IVC, close to the diaphragm, thus isolating the IVC segment.
Two minutes after application of the suprahepatic clamp, the pumps were activated for delivery of the DNA solution. After a further 1 or 2 min, the suprahepatic clamp was removed. The catheter was then withdrawn, the sling once again being elevated to The rats shown are from the group given the 2% volume at 100 ml min À1 (Figure 1 ). Figure 6 Integrity of DNA plasmids after passage through the perfusion lines. The pGL3 plasmid at 50 mg min À1 0.15 M NaCl was pumped through the Y connector and perfusion catheter by two Medrad pumps in parallel. The dead space in the Y connector and the perfusion catheter was 8 ml, and the rise time for the pump was 0.1 s. Sixty millilitres (30 ml in each syringe) was delivered at 100 ml s À1 . The DNA solution at the tip of the catheter was (a) subjected to electrophoresis to detect any physical breakages of the DNA and (b) used for in vitro gene delivery to the HUH7 cell line. In (a), the position of DNA size markers is indicated on the right. In (b), the mean ± s.d. of triplicate wells transfected with the pGL3 plasmid at 5 mg ml À1 is shown. If the transfection was performed with the pGL3 plasmid at 2.5 mg ml À1 and the irrelevant CMVb plasmid at 2.5 mg ml À1 , gene delivery was 5.7±0.5 Â 10 7 RLU mg À1 . Thus a 50% reduction in transfection efficacy was easily detectable in this system.
Hydrodynamic gene delivery to the pig liver JW Fabre et al prevent backflow. The defect in the IVC was sutured, and the sling and the clamp removed from the IVC, thereby re-establishing normal blood flow. After a further 3 min, the pressure cannulae were removed from the aorta and portal vein, and the puncture holes repaired.
Pressure measurements
The cannulae in the aorta and portal vein, and the pressure line in the perfusion catheter (which measures IVC segment or perfusion pressure) were connected via 10 cm of saline-filled high-pressure manometer tubing of 1 mm diameter (to avoid damping effects) (Vygon, Gloucestershire, UK) to an electrical pressure transducer system (LogiCal single line transducer monitoring kit, Medex Medical, Strathclyde, UK). The saline-filled cannulas were placed at the level of the heart in the supine pig, and the transducers opened to atmospheric pressure. This ensured that pressure measurements were obtained with reference to a constant zero baseline, namely the level of the heart. The pressure signal was converted to a digital signal, as previously described. 8 The digital signal was transferred to a laptop computer where the pressure recordings and ECG were acquired and displayed graphically using AcqKnowledge waveform analysis software, version 3.9 (BioPac Systems, Linton Instrumentation, Norfolk, UK). The software allowed all recordings to be displayed in a simultaneous time domain, and for event markers to be placed in real time to highlight critical interventions. The heart rate (pulse) was derived from the arterial pressure trace.
Harvesting of liver for assay of luciferase reporter gene expression
This was performed one day after gene delivery. Rats were exsanguinated into a syringe under isoflurane general anaesthesia. A cut was made in the IVC, and 15 ml of 0.15 M NaCl was perfused through the liver via the portal vein to remove blood, as haemoglobin can interfere with luciferase assays. 24 The six readily identifiable liver lobes 13 were then individually removed and frozen.
In pigs, the hepatic artery and portal vein were clamped under isoflurane general anaesthesia, and 60 mg kg À1 of pentobarbitone sodium was injected intravenously to kill the pig. A cut was then made in the IVC and a 14 French cannula inserted into the portal vein for perfusion of 1.5 l of 0.15 M NaCl. The liver was then removed and B10 biopsies (each B8 Â 8 Â 15 mm) from different lobes were taken and frozen.
The liver pieces were thawed rapidly, weighed, minced with scissors in a Petri dish, and 2 ml of lysis buffer (Promega) was added per gram of tissue. The tissue was then homogenized with a ground glass homogenizer. The aqueous tissue extract was prepared and assayed for luciferase activity and protein concentration as previously described. 8 Luciferase activity was expressed as relative light units (RLU) per milligram of protein.
Fluoroscopy
Twenty millilitres of a 1:1 dilution of Omnipaque contrast medium (Amersham, Oslo, Norway) in 0.15 M NaCl was injected into the isolated IVC segment.
The fluoroscopic image was obtained using a Stenoscop 2 fluoroscope (General Electric, Les Moulineux, France).
DNA electrophoresis
Quantities of 0.5 mg of DNA were electrophoresed at 100 volts in 1% agarose gels containing 0.1 mg ml À1 ethidium bromide, and visualized using an ultraviolet transilluminator.
Gene delivery of the pGL3 plasmid to cell lines in vitro
The HUH7 hepatocyte carcinoma cell line was used in 24 well tissue culture plates, as previously described. 25 Lipofectamine 2000 (Invitrogen, Paisley, UK) at a lipofectamine:DNA weight: weight ratio of 2.5:1 was used for gene delivery. The CMVb plasmid (Clontech, Palo Alato, CA, USA) was used as the negative control.
Statistical analyses
The Mann-Whitney non-parametric test was used, and differences were considered significant if P was o0.05 in two-tailed comparisons.
